E2A proteins regulate multiple stages of thymocyte development and suppress T-cell lymphoma. The activity of E2A proteins throughout thymocyte development is modulated by signals emanating from the pre-TCR and TCR. Here we demonstrate that E2A is required for the complete arrest in both differentiation and proliferation observed in thymocytes with defects in proteins that mediate pre-TCR signaling, including LAT, Lck and Fyn. We show that E2A proteins are required to prevent the accumulation of TCRb negative cells beyond the pre-TCR checkpoint. E2A-deficient thymocytes also exhibit abnormal cell-cycle progression prior to pre-TCR expression. Furthermore, we demonstrate that E47 can act in concert with Bcl-2 to induce cell-cycle arrest in vitro. These observations indicate that E2A proteins function during early thymocyte development to block cell-cycle progression prior to the expression of TCRb. In addition, these data provide further insight into how deficiencies in E2A lead to T lymphoma.
Introduction
The development of ab T cells in the thymus is a process ordered by the sequential rearrangement and expression of Tcell antigen receptor (TCR) genes (Zuniga-Pflucker and Lenardo, 1996) . Shortly after lineage commitment, T-cell progenitors initiate TCRb chain rearrangements. Murine thymocytes at this stage are characterized by the absence of surface expression of the CD4 and CD8 coreceptors, together with high CD25 and low CD44 levels. Such cells also express high levels of Bcl-2, and are quiescent (Veis et al, 1993; Hoffman et al, 1996; Voll et al, 2000) . Upon rearrangement and expression of a functional TCRb chain and its assembly into a pre-TCR complex, thymocytes initiate a developmental transition characterized by rapid proliferation and expansion. During this phase, murine thymocytes first downregulate Bcl-2 and CD25, and then begin to express CD8, followed by CD4. CD4 and CD8 double positive (DP) cells, which comprise about 80% of normal adult thymocytes, then exit the cell cycle, initiate TCRa gene rearrangement, and undergo positive and negative selection to allow maturation of only cells with moderate affinity for antigen/MHC complexes expressed by thymic antigen presenting cells. Positively selected thymocytes downregulate expression of either CD4 or CD8 to become mature CD8 or CD4 single positive (SP) T cells.
Studies employing mice with targeted mutations have demonstrated the importance of the pre-TCR complex for transition from the CD4, CD8 double negative (DN) to the DP stage (Kruisbeek et al, 2000) . Deficiencies in proteins required for pre-TCR assembly result in arrest at the CD25 þ , CD44 low (DN3) stage. Such proteins include the components of the pre-TCR complex, as well as factors required for TCR gene rearrangement. A number of cytoplasmic proteins have also been identified as critical for pre-TCR signaling. For example, thymocytes with mutations in the adaptor proteins LAT and SLP-76, or in both the Lck and Fyn proto-oncogenes are also arrested at the DN3 stage. Furthermore, both overexpression of the activity of signal transduction pathway components such as Lck, or null mutations in proteins such as Csk that act to inhibit TCR-mediated signaling have been shown to promote the aberrant maturation of thymocytes with pre-TCR expression defects. Such studies have, in particular, suggested an important role for signaling through the Ras-MAP kinase pathway in transducing signals from the TCR and pre-TCR. Furthermore, genetic analyses have also demonstrated that transcription factors such as NF-kB and bcatenin play important roles in the regulation of the DN to DP transition (Voll et al, 2000; Gounari et al, 2001) .
Class I helix-loop-helix (HLH), or E proteins, comprise a class of transcription factors that have important roles in lymphocyte development (Massari and Murre, 2000) . These proteins were originally identified by their ability to bind E box elements (CANNTG) in the immunoglobulin (Ig) enhancer. The E2A gene encodes two E proteins, designated as E12 and E47, which are generated through alternate RNA splicing. Mice with null mutations in the E2A locus exhibit a complete block in B-cell development, before the point of lineage commitment (Bain et al, 1994; Zhuang et al, 1994) . Tcell development is also partially inhibited in E2A-deficient mice prior to lineage commitment (Bain et al, 1997a) . These data demonstrate the importance of E2A proteins at or before the initial phases of lymphocyte differentiation.
Because some thymocytes do mature in an E2A-deficient background, it has been possible to identify roles for E2A proteins at later stages of T-cell development. A number of lines of evidence suggest that E proteins, and E2A proteins in particular, are involved in regulating the transitions both from DN to DP and DP to mature SP. Signaling from both the pre-TCR and TCR acts to inhibit E-protein DNA-binding activity and to stimulate expression of the E-protein inhibitor Id3, a member of a family of proteins that interfere with Eprotein DNA binding . Furthermore, deficiencies in E2A have been found to accentuate thymocyte positive selection (Bain et al, 1999) . In contrast, Id3-null mice exhibit inefficient positive selection (Rivera et al, 2000) .
These data suggest that E proteins act as an attenuator of signaling that leads to positive selection, although it should be noted that the effects of E2A deficiencies on positive selection may be due partially to extrinsic factors (Pan et al, 2002) . E2A proteins also play a similar role at the DN to DP transition. Deficiencies in E2A, or overexpression of Id proteins, abrogate the developmental block normally observed in thymocytes with defects in pre-TCR expression (Engel et al, 2001; Kim et al, 2002) . Thus, E2A proteins act as a gatekeeper at two stages of thymocyte development, and passage through these checkpoints requires the inhibition of E-protein activity through signaling from the TCR or pre-TCR complexes.
A growing body of evidence indicates that both E and Id proteins can act to regulate cell-cycle progression. Overexpression of myogenic bHLH proteins or E proteins impairs proliferation in NIH 3T3 cells (Peverali et al, 1994) . Id2 has been shown to reverse cell-cycle arrest by the retinoblastoma (Rb) protein through direct interaction with Rb (Lasorella et al, 2000) . Id1 has been demonstrated to block E-protein-and Ets-protein-mediated activation of the cdk inhibitor p16/INK4a (Alani et al, 2001; Ohtani et al, 2001 ). E and Id proteins also regulate tumorigenesis. A deficiency in E2A proteins leads to the spontaneous development of thymic lymphoma (Bain et al, 1997a; Yan et al, 1997) . In contrast, transgene-directed overexpression of both Id1 and Id2 in mouse thymocytes results in the rapid development of T-cell lymphoma similar to that described for E2A-deficient mice (Kim et al, 1999; Morrow et al, 1999) . Furthermore, Id1, Id2 and Id3 expression is activated in a large variety of tumors (Asp et al, 1998; Rockman et al, 2001; Nishimori et al, 2002; Wang et al, 2002) . These data suggest that E and Id proteins play opposing roles in regulating cell proliferation and oncogenic transformation.
We have extended our examination of the contribution of pre-TCR signaling and E2A proteins to the regulation of both cell-cycle status and b selection. We have found that E2A proteins are required to enforce the developmental arrest of thymocytes with mutations that prevent pre-TCR signaling, and that these aberrantly developing thymocytes are cycling. We also demonstrate roles for E47 in cell-cycle repression prior to b selection, and in preventing the accumulation of TCRb À cells at the DN4 stage. Furthermore, we show that the ectopic expression of E47 together with Bcl-2 induces cellcycle arrest in E2A-deficient lymphoma lines. These data suggest a direct role for E2A in the inhibition of aberrant proliferation in the absence of pre-TCR signaling, and are consistent with a model in which high levels of E2A enforce both the developmental and proliferative block at the pre-TCR checkpoint. This model also predicts that release from this checkpoint requires downregulation of E-protein activity mediated by signaling through the pre-TCR signaling pathway. The role defined for E2A as an inhibitor of aberrant proliferation is also consistent with its function as a suppressor of lymphoma.
Results

E2A proteins are necessary to prevent thymocyte differentiation in the absence of pre-TCR signaling
Our previous data demonstrated that E2A proteins were required to prevent the aberrant development of thymocytes with defects that prevent TCRb expression. However, low levels of pre-TCR components are expressed on DN thymocytes in the absence of TCRb, and these incomplete pre-TCR complexes have the potential to initiate developmental progression (Levelt et al, 1993; Jacobs et al, 1994; Shinkai and Alt, 1994) . Thus, it remained uncertain as to whether a deficiency of E2A proteins could allow for developmental progression in the complete absence of pre-TCR signaling. In order to address this question, E47 mutant mice were bred into a LAT-deficient background. LAT is an adaptor molecule required for signaling from the TCR complex and for developmental progression past the DN3 stage (Zhang et al, 1998; Zhang et al, 1999) . Unlike thymocytes with defects in TCRb expression, LAT-deficient thymocytes cannot be driven to develop by pre-TCR crosslinking (Zhang et al, 1999) . Thymocytes were isolated from E47À/À, LAT À/À deficient mice and analyzed by flow cytometry. Strikingly, an E47-deficient background completely abrogated the developmental arrest normally observed in LAT-null mice, as the vast majority of E47À/À, LATÀ/À thymocytes were DP ( Figure 1A ). The initiation of pre-TCR and TCR signaling normally requires phosphorylation of the CD3 and z chains by Lck, although Fyn activity can partially substitute in the absence of Lck (Cantrell, 1996; Groves et al, 1996; van Oers et al, 1996) . Our previous data demonstrated that Lck-mediated signaling rapidly induced the expression of Id3 to inhibit Eprotein DNA-binding activity . To determine whether E47 enforces the pre-TCR checkpoint in the absence of Lck/Fyn activity, triple null mutant mice were generated that lacked the expression of Lck, Fyn and E47. Thymocytes were isolated from the various compound mice and analyzed for the expression of CD4 and CD8. The absence of E47 allowed the development of LckÀ/À, FynÀ/À thymocytes to the DP stage ( Figure 1B ). These data demonstrate that E47 is essential for developmental arrest in thymocytes with defects that prevent pre-TCR signaling.
E47 regulates the proliferation of LAT-deficient thymocytes
Thymuses from mice deficient in both E2A and genes required for TCRb expression are hypercellular relative to littermates deficient for TCRb expression but not E2A (Engel et al, 2001) . These data suggested that E2A proteins were required for the proliferative arrest of thymocytes with defects in pre-TCR expression. However, an increase in thymic cellularity would also be predicted if a deficiency in E2A enhanced the survival of thymocytes with defects in TCRb expression. We have examined this question further through the analysis of thymocytes deficient for both E47 and LAT. We first determined the thymic cellularity of mice deficient in both E47 and LAT as compared to LAT-deficient littermates that were heterozygous or wild type for E47. We found that a deficiency in E2A proteins resulted in small but consistent increases in the cellularity of thymuses from LATdeficient mice (P ¼ 0.04) (Figure 2A ). To test whether a deficiency in E2A proteins allowed for the aberrant proliferation of LAT-null thymocytes, we subjected E47À/À, LATÀ/À mice and littermate controls to 2-bromodeoxyuridine (BrdU) pulse label analysis. Mice were injected with BrdU just prior to being killed and thymus extraction. The thymocytes were stained with antibodies against surface markers to define developmental subsets as well as with an anti-BrdU antibody. We then determined BrdU incorporation rates in various thymocyte subsets using flow cytometry, focusing on the immature CD8 single positive (ISP) subset. ISP cells comprise a transitional phase between the DN and DP stages, and are normally rapidly proliferating (Zuniga-Pflucker and Lenardo, 1996) . We found that a large fraction of the ISP cells from mice doubly deficient for E47 and LAT were also proliferating ( Figure 2B ). These data demonstrated unambiguously that a deficit of E2A proteins allowed for both the aberrant differentiation and proliferation of LAT-deficient thymocytes. However, it should be noted that the percentage of BrdU þ cells among E47À/À, LATÀ/À ISPs was consistently lower than in ISPs from littermates that were heterozygous for LAT or E47. Thus, some of the mechanisms by which pre-TCR signaling promoted proliferation were independent of an inhibition of E2A activity.
E2A proteins contribute to the cell-cycle arrest of DN3 thymocytes
We also used BrdU pulse label analysis to address whether the cell-cycle status of various thymocyte developmental subsets is affected by a deficit in E2A proteins. Thymocytes from BrdU-pulsed mice were stained for the expression of the markers and analyzed by flow cytometry. Interestingly, a significantly higher fraction of E47-null DN3 thymocytes incorporated BrdU than the same subset in wildtype mice of similar age and genetic background ( Figure 3A) . A smaller, somewhat variable increase in BrdU þ cells was also observed in E47 þ /À DN3 thymocytes relative to wildtype cells from the same thymic subset ( Figure 3A) . The DP and SP populations did not show increased BrdU incorporation in E47-deficient mice ( Figure 3A and data not shown). DN3 thymocytes normally consist primarily of G 1 -arrested cells undergoing TCRb gene rearrangement. However, a significant fraction of DN3 cells have productively rearranged TCRb and re-entered the cell cycle (Hoffman et al, 1996) . Thus, the higher percentage of BrdU-incorporating cells within the DN3 subset of E2A-deficient thymocytes could have been due to an increased fraction of TCRb-expressing cells. We tested for this possibility using two strategies, both of which involved the staining of thymocytes for intracellular TCRb protein (icb). Our first approach was to separately analyze BrdU incorporation and icb levels within DN3 thymocytes from E2A-deficient and heterozygous and wild-type littermates or age-and strain-matched controls. A deficiency for E2A did not significantly affect the percentages of icb þ cells or levels of icb expression within the DN3 population, and correcting for differences in TCRb expression did not alter the observed differences in BrdU incorporation (Supplementary Figure S1 and data not shown). We also simultaneously analyzed DN3 thymocytes from BrdU-pulsed mice for both BrdU and icb. Using this approach we demonstrated that the icb À fraction of E2A-deficient DN3 thymocytes had a significantly higher percentage of BrdU þ cells ( Figure 3B , Supplementary Figure S2 ). These data indicate that E2A proteins act to maintain DN3 thymocytes in G 1 arrest prior to the expression of TCRb.
E2A proteins are required for the elimination of icb À DN4 thymocytes
The DN4 subset normally consists primarily of thymoyctes with productive TCRb rearrangements that are rapidly proliferating and differentiating towards the DP stage (Hoffman et al, 1996) . To determine the effect of a deficiency in E47 on proliferation within the DN4 compartment, mice were pulselabeled with BrdU and then thymocytes were stained and analyzed by flow cytometry to assess BrdU incorporation by DN4 cells. In contrast to the effects of E2A protein deficiency on cell-cycle status within the DN3 subset, we observed that E47-null DN4 thymocytes proliferated at a much lower rate than E47 heterozygote littermates ( Figure 4A ). Since an E47 deficiency allows developmental progression from the DN to the DP compartment in the context of mutations that prevent TCRb expression, we considered the possibility that the lower fraction of BrdU-incorporating cells within the DN4 compartment was caused by the presence of a TCRb À population of cells that had differentiated beyond the pre-TCR checkpoint.
To address this possibility, DN4 cells were analyzed for the presence of BrdU incorporation and icb expression. Indeed, such analysis revealed that these differences in cell-cycle status could be accounted for by a dramatically reduced percentage of icb þ cells in the E2A-deficient DN4 population ( Figures 4B-C) . In both E47-null and control mice, the majority of DN4 icb þ cells were BrdU þ , while most icb À DN4 cells did not incorporate BrdU ( Figure 4C ). However, whereas most DN4 thymocytes from E47 heterozygous or wild-type backgrounds were icb þ , the majority of E47-/-DN4 cells were icb À . The icb À cells within the E47-/-DN4 subset as defined in Figure 4 expressed uniformly high levels of Thy 1, and thus were not non-T-lineage contaminants (data not shown). Thus, E2A proteins act to prevent the accumulation of DN4 thymocytes that failed to express TCRb. These data imply that whereas E2A proteins are required for full enforcement of the b selection checkpoint, they are not required to inhibit cell-cycle progression within the DN4, icb À subset.
Ectopic expression of E47 and Bcl-2 induces cell-cycle arrest in E2A-deficient lymphomas E2A-deficient mice are highly susceptible to T-cell lymphoma, indicating that the E2A proteins act as tumor suppressors (Bain et al, 1997a; Yan et al, 1997 ). The observations described above indicate that E47 acts to inhibit cell-cycle progression prior to the onset of pre-TCR expression. Taken together, these data raise the possibility that the aberrant proliferation in E2A-deficient mice ultimately leads to the development of lymphoma. We have previously observed that introduction of E47 or E12 caused the death of cell lines adapted from lymphomas that developed in E2A-deficient mice (Engel and Murre, 1999) . Lymphomas from E2A-deficient mice typically express very low levels of endogenous Bcl-2 (data not shown). In contrast, DN thymocytes prior to b selection express high levels of Bcl-2 (Veis et al, 1993; Voll et al, 2000) . To determine whether enforced expression of Bcl-2 would perturb the apoptotic ability of E47, we À cells decreased the fractions of both BrdU-incorporating and icb þ cells in all samples, but did not affect the magnitude of the differences between E47À/À and E47 þ /À or þ / þ thymocytes (data not shown). (B) Expression of icb in E47À/À, þ /À and þ / þ DN4 thymocytes. Top histogram: cells from littermates gated as described in Figure 4A were stained and analyzed for icb expression. Black tracing: E47À/ À. Gray tracing: E47 þ /À. Bottom bar graph: percentages of icb þ , DN4-gated cells (as defined in Figure 4A ) from E47À/À and þ /À mice obtained from three separate litters, as well as from age-and strain-matched wild-type mice. The number of mice represented for each genotype is indicated in parentheses. (C) Simultaneous analysis of icb expression and BrdU incorporation in DN4 thymocytes from a littermate pair of E47 þ /À and E47À/À mice. Left: pseudocolor plots depicting the definition of the DN4 subset. See Supplementary Figure S2 introduced Bcl-2 into E2A-deficient lymphoma lines by retroviral transduction. Subsequently, Bcl-2-transduced E2A-deficient cells were transduced with retrovirus encoding E47. Interestingly, ectopic expression of Bcl-2 blocked E47-mediated death ( Figure 5A ). In addition, cell cultures transduced with both E47 and Bcl-2 grew poorly, and cells expressing both Bcl-2 and E47 for 48 h became smaller in size ( Figure 5B and data not shown). These observations suggest that the combination of Bcl-2 and E47 expression led to cell-cycle arrest. To test this hypothesis, we examined the cell-cycle profiles of transduced lymphomas by DNA content analysis. Transduction of Bcl-2 alone resulted in variable effects on cell-cycle profiles. In some experiments we found that ectopic Bcl-2 expression resulted in a moderate increase in the fraction of cells in the G 0 or G 1 phase of the cell cycle, while in other experiments little or no effect of Bcl-2 expression on cell-cycle profiles was observed ( Figure 5C and data not shown). However, we consistently found that transduction of both Bcl-2 and E47 resulted in an increase in the G 0 or G 1 fraction that was much greater than the effect of Bcl-2 alone ( Figure 5C ). These data indicate that E47 and Bcl-2 synergize to inhibit cell-cycle progression in E2A-deficient lymphoma lines.
Discussion
Lck, Fyn, LAT and E47 activities are linked into a common pathway E2A proteins play key roles in the control of gene expression during the early stages of thymocyte development. Both preTa and RAG gene expression are regulated by E-protein activity (Schlissel et al, 1991; Herblot et al, 2000; Reizis and Leder, 2001; Takeuchi et al, 2001 ). E-protein activity has also been implicated in the control of TCR V(D)Jb rearrangement (Barndt et al, 2000; Romanow et al, 2000; Ghosh et al, 2001) . Additionally, we have demonstrated that E2A proteins are required for the developmental arrest observed in thymocytes with defects in TCRb chain expression, and that pre-TCR signaling acts to inhibit E-protein DNA-binding activity (Engel et al, 2001 ). These observations allowed us to propose that E2A proteins prevent the differentiation of DN thymocytes to the DP stage, and that the expression of a complete pre-TCR complex promotes differentiation largely through the inhibition of E2A proteins. Previous in vitro studies have also suggested that signaling mediated by the tyrosine kinase Lck results in modulation of E2A DNA binding . We have now extended these studies to demonstrate that the block in thymocyte development in LATÀ/À or Lck-and Fynnull mice can be abrogated by a deficiency in E47. These data confirm that the activities of Lck, Fyn, LAT and E47 are linked into a common pathway (Figure 6 ). We also provide direct evidence that E2A proteins inhibit cell-cycle progression in thymocytes just prior to b selection, and that ectopic E47 expression can block the proliferation of T lymphoma lines that express Bcl-2. Taken together with previous observations, our data suggest that initiation of the pre-TCR signaling cascade promotes thymocyte proliferation at least in part through the inhibition of E2A-protein activity. Thus, these data provide additional support for a model in which E47 inhibits differentiation and proliferation prior to pre-TCR expression, whereas inhibition of E2A activity by pre-TCR signaling promotes both developmental progression and cellular expansion.
E2A proteins and cell-cycle arrest
Ectopic expression of E2A proteins has been reported both to promote and inhibit cell-cycle expression in recipient cell lines (Peverali et al, 1994; Park et al, 1999; Zhao et al, 2001) . Furthermore, enforced E2A expression can also cause cell death (Engel and Murre, 1999; Park et al, 1999) . The apparent discrepancies with regard to the effects of E2A expression are likely explained by a number of factors, including differences Figure 5 Bcl-2 blocks cell death and promotes cell-cycle arrest in E2A-deficient lymphoma lines transduced with E47. (A) Inhibition of E47-mediated death by Bcl-2. The 1.F9 E2A-deficient lymphoma line was transduced with retrovirus encoding Bcl-2 or 'empty vector' retrovirus, cultured for 2 days, and then infected with retrovirus encoding E47 or a mutant form of E12 that does not bind DNA (E12BM). Cells were harvested 7, 24 or 48 h after transduction with E2A and the percentage of viable cells was determined by flow cytometry on the basis of forward and side scatter. The relative viability of each cell population (normalized to the viability of the BM-transduced population at 7 h post-transduction) is plotted against the time of harvest. Transduction efficiency was 90% or greater in all populations tested (data not shown). (B) Size reduction induced by E47 transduction into Bcl-2-expressing, E2A-deficient lymphoma lines. 1.F9 cells sequentially transduced with Bcl-2 and either E47 or E12BM retrovirus were fixed and permeabilized 48 h after E2A transduction, stained for ectopic E2A protein, and analyzed by flow cytometry. Plotted are the forward scatter profiles of the E2A þ , live-gated cells within each population. (C) G 0 or G 1 arrest induced by transduction of both Bcl-2 and E47 into E2A-deficient lymphomas. 1.F9 cells treated as described in Figure 5B were analyzed for DNA content. Also included are cells sequentially transduced with empty vector and E12BM. Plots depict the DNA content profiles of the E2A-expressing cells within each population.
DNA
in the cell lines used in the various studies. We have now shown that Bcl-2 can change the fate of cells transduced with E2A proteins from death to growth arrest. Enforced Bcl-2 expression induces a similar change in the fate of IL-3-dependent cell lines after lymphokine withdrawal (Lind et al, 1999) . It is also interesting to note the correlations between the effect of E47 and Bcl-2 on E2A-deficient lymphoma lines and the regulation of Bcl-2 expression and Eprotein activity in DN thymocytes. Resting DN3 cells express high levels of Bcl-2 and E-protein DNA-binding activity, both of which are rapidly downregulated after pre-TCR signaling (Voll et al, 2000; Engel et al, 2001) . Our data thus suggest that E2A proteins and Bcl-2 may collaborate to regulate both viability and cell-cycle status in DN3 thymocytes.
Role of E47 in enforcing the developmental block at the pre-TCR checkpoint
We found that the majority of E47-deficient DN4 thymocytes do not express TCRb. These data provide additional evidence for a role for E2A proteins in the efficient elimination of TCRb À cells at the b selection checkpoint. It should be noted that DN4 cells that fail to express clonotypic TCR chains have been reported to be eliminated via apoptosis (Falk et al, 2001) . Our data, taken together with previous observations that E2A activity can promote cell death, suggest that the apoptosis of TCRb À DN4 cells may be partially dependent upon E2A proteins (Engel and Murre, 1999; Park et al, 1999) . Such a model would predict that the increased percentage of TCRb À DN4 thymocytes is due to a delay in the apoptotic elimination of these cells. We detect only marginally higher fractions of TCRb À cells in ISP and DP thymocytes from E47-null mice relative to heterozygote or wild-type controls (data not shown). The marked decline in the fraction of TCRb À cells in E47-/-thymocytes during maturation from the DN4 to the DP stage is at least partly the result of the outgrowth of rapidly proliferating TCRb þ cells. However, it is possible that a delayed apoptotic process also contributes to the removal of these cells.
Regulation of cellular expansion by pre-TCR-mediated signaling independent of E47
Although our data suggest that pre-TCR expression can promote cell-cycle progression through the inhibition of E2A-protein activity, it is clear that much of the effect of pre-TCR signaling on cell cycle is independent of E2A. First of all, while E47À/À, LATÀ/À ISP cells clearly exhibit cell-cycle activity, the fraction of BrdU þ cells within this population are lower than that found in ISP cells from mice that expressed LAT. Furthermore, a deficiency in E2A proteins does not affect the frequency of BrdU incorporation within the TCRb À , DN4 subset. However, it is important to note that thymocytes also express E proteins encoded by the HEB and E2-2 genes. Although deletion of each of these genes has different effects on thymocyte development, the fact that the E proteins share similar DNA-binding specificities and transcriptional activation properties suggests that they are likely to have redundant functions (Barndt et al, 1999; Bergqvist et al, 2000) . In fact, replacement of E2A with HEB can correct defects in B-cell development and neonatal viability observed in E2A-deficient mice (Zhuang et al, 1998) . Thus, our analyses of the effects of E47 deficiency on pre-TCR-mediated initiation of cell-cycle progression may underestimate the extent to which E proteins function downstream of the pre-TCR to regulate proliferation and suppress lymphoma genesis.
Aberrant proliferation and thymic lymphoma in E2A-deficient mice Our observations indicate that E47 acts at the DN3 compartment to block cell-cycle progression. Interestingly, this effect of E2A proteins is specific to the DN3 stage. Deficiencies in E2A proteins lead to the development of rapidly proliferating thymic lymphomas (Bain et al, 1997a; Yan et al, 1997) . However, the proliferating DN3 cells reported in this paper are distinguished from the lymphomas that eventually develop in E2A-deficient mice by a number of criteria. We observe the increased proliferation in E2A-deficient mice of 4-6 weeks of age, while E2A-deficient mice rarely become ill from lymphoma before 13 weeks of age (Bain et al, 1997a) . None of the animals used in this study exhibited any evidence of thymic lymphoma (data not shown). In addition, lymphomas isolated from ill E2A-deficient mice generally express high levels of CD4 and CD8, and so would not be included in analyses of the DN3 subset (Bain et al, 1997a; Engel and Murre, 2002) . Finally, we note that while heterozygosity for E2A alone does not lead to increased susceptibility to lymphoma, we often observe increased BrdU incorporation within the DN3 compartment of E47 þ /À mice. Thus, it is unlikely that the cycling cells we detect indicate the presence of completely transformed lymphoma cells already present within the analyzed thymuses. Nevertheless, it is quite conceivable that the aberrant cell-cycle activity observed within the DN3 subset of E2A-deficient thymocytes represents an early stage in the eventual development of thymic lymphoma, and that the tumor suppressor activity of E2A is directly related to its role as a cell-cycle inhibitor. 
Mechanism of Id regulation of proliferation and oncogenesis
Recently accumulated evidence has implicated the Id proteins as performing essential roles in promoting cell-cycle progression. Specifically, the Id2 gene product has the ability to reverse cell-cycle arrest by the retinoblastoma protein, and Id1 has been shown to inhibit E-protein-and Ets-proteinmediated activation of the cdk inhibitor p16/INK4a (Lasorella et al, 2000; Alani et al, 2001; Ohtani et al, 2001) . Furthermore, Id genes are potential proto-oncogenes, since their expression is activated in a large variety of malignancies (Asp et al, 1998; Rockman et al, 2001; Nishimori et al, 2002; Wang et al, 2002) . Overexpression of Id1 and Id2 in the thymocyte compartment leads to the rapid development of T-cell lymphoma with similar kinetics and phenotypes as described for tumor development in E2A-deficient mice (Kim et al, 1999; Morrow et al, 1999) . Our data, when taken together with previous studies, suggest that the effects of Id proteins on cell homeostasis and tumorigenesis may be mediated in large part through the inhibition of E-protein function. Alternatively, the possibility that E proteins act by preventing the inhibitory interactions of Id proteins with Rb and Ets must also be considered. We also note that Ras-mediated signaling can activate Id3 gene expression ). Thus, regardless of whether E proteins act upstream or downstream of Id to suppress tumorigenesis, it is conceivable that Rasmediated transformation may, at least in some cell types, act in large part through altering the ratio of Id and E proteins, which in turn could allow for aberrant mitotic activity at specific developmental stages such as those defined in this report.
Materials and methods
Mice
To generate mice deficient for E47 and LAT, mice carrying the E47-null mutation in an FVB background were bred to mice carrying the LAT mutation in a mixed genetic background (Bain et al, 1997b; Zhang et al, 1999) . Mice deficient for E47, Lck and Fyn were generated by interbreeding mice carrying null mutations for E47 or Lck on a C57Bl/6J background and the Fyn null mutation in a mixed genetic background (Appleby et al, 1992; Molina et al, 1992) . E47-mutant mice were from our own colony, Fyn-and Lck-mutant mice were purchased from Jackson Laboratories (Bar Harbor, ME), and LAT-mutant mice were obtained from Dr Lawrence Samelson (NICHD, Bethesda, MD). Genotyping was performed via PCR of genomic DNA prepared from tail sections; primer sequences and PCR protocols are available upon request. The E47À/À and þ /À mice used for BrdU and icb analyses were littermates generated by interbreeding E47-null males and E47 þ /À females that had been backcrossed for 10 or more generations into a C57Bl/6J genetic background. The wild-type mice included in these comparisons were C57Bl/6J mice purchased from Jackson Laboratories that were age matched to the E47-mutant mice.
Flow cytometric analyses
Thymuses were dissected, suspended in buffered saline solutions and pressed through 40 mm cell strainers (Falcon) to generate thymocyte suspensions. Thymocyte suspensions were washed once and then counted. Thymocytes (1-4 Â 10 6 ) were stained for surface antigens as previously described (Engel et al, 2001) . For DN thymocyte analysis, cells were stained with biotinylated antibody conjugates specific for mouse CD4, CD8a, CD3e, TCRb, TCRgd, TER-119, B220, CD11b, GR-1 and NK1.1, followed by streptavidinperidinin chlorophyll protein (PerCP), anti-CD25 (clone PC61)-phycoerythrin (PE) and anti-CD44-allophycocyanin (APC). DN thymocytes were then defined by excluding PerCP þ cells during the subsequent analysis. For icb staining, cells were fixed in 0.25% paraformaldehyde, permeabilized with 0.2% Tween-20 and stained with anti-TCRb-FITC or -APC conjugates as previously described (Schmid et al, 1991) . Staining of transduced lymphoma lines for Bcl-2 was performed as previously described, using an anti-human Bcl-2 antibody (Engel et al, 2001) . Staining for transduced E47 and E12BM was performed as described (Engel and Murre, 1999) . For DNA content determination, transduced lymphoma lines were first stained for human E2A, washed and incubated for at least 30 min in PBS containing 10 mg/ml propidium iodide and 100 mg/ml Rnase A. All samples were analyzed using a FACScalibur (Becton-Dickinson) with Cellquest (Becton-Dickinson) and FlowJo (Tree Star) software. Doublet discrimination was used for DNA content analysis. All antibodies were purchased from Pharmingen/Becton-Dickinson or eBiosciences.
BrdU incorporation analysis
Mice were administered two intraperitoneal injections of 1 mg of BrdU in 0.1 ml PBS over a 2 h interval, and then killed 30 min after the last injection. After preparation of thymocyte suspensions and surface antigen staining, cells were resuspended in 1% paraformaldehyde and 0.01% Tween-20 and incubated overnight at 41C. Cells were then treated with Dnase I and stained with anti-BrdU-FITC (Becton-Dickinson) as previously described (Carayon and Bord, 1992; Penit et al, 1995) . Simultaneous analysis of icb expression and BrdU incorporation in DN thymocytes was performed as described in Supplementary Materials and Methods.
Retroviral transduction
Retroviral supernatants were prepared and spin transduction into the E2AÀ/À lymphoma line 1.F9 was performed as previously described (Engel and Murre, 1999) . A Bcl-2 retroviral expression vector was prepared using a human Bcl-2 cDNA originally from the laboratory of Stanley Korsmeyer (Dana-Farber Cancer Institute); a sequence immediately upstream of the initial codon was changed by PCR-directed mutagenesis in order to improve expression. The modified Bcl-2 cDNA was subcloned into the retroviral vector LZRSpBMN-linker-IRES-EGFP (NotI-) (Heemskerk et al, 1997) . The E47 and E12BM retroviral vectors were as previously described (Engel and Murre, 1999) . For studies of the combined effect of ectopic E47 and Bcl-2 expression, 1.F9 cells were first transduced with Bcl-2 retrovirus, cells were cultured for 3-6 days, and the resulting Bcl-2-expressing line was transduced with E47 and E12BM virus. The lines used in these experiments were determined to be 490% positive for ectopic Bcl-2 by flow cytometry (data not shown).
Supplementary data
Supplementary data are available at The EMBO Journal Online.
